Abstract. Molecular-targeted therapy has shown promise as a treatment for advanced osteosarcoma (OS). Sorafenib (SOR), a multikinase inhibitor, is the approved systemic drug of choice for OS, but has demonstrated limited benefits due to its toxicity and other adverse effects. Therapy strategies for reducing toxicity include using lower doses of SOR in combination with other complementary agents. Cisplatin (CDDP) has been shown to be a promising anticancer drug against various types of cancer including OS. In the present study, SOR was combined with CDDP to determine whether this combinatorial treatment suppressed tumor growth thereby simultaneously reducing doses of the two drugs for the treatment of OS. Human Saos-2 OS cells were treated with SOR and CDDP, alone and in combination, and the effect of these treatments on cell proliferation, colony formation, cell cycle, apoptosis, migration, and invasion, and involvement in receptor signaling, as well as tumor growth ability in nude mice was determined. It was found that the combination of low concentrations of SOR and CDDP significantly suppressed the cell proliferation, colony formation, migration and invasion, and induced cell apoptosis and cell cycle arrest in the G0/G1 stage, and suppressed tumor growth in a nude mouse model compared to the actions of either agent alone. The results also showed that SOR in combination with CDDP significantly suppressed the phosphorylation of extracellular signal-regulated kinase (ERK), which may contribute to the inhibition of tumor growth. These results suggested that SOR in combination with CDDP acts synergistically in the treatment of OS.
Introduction
Osteosarcoma (OS) is the most frequent primary solid malignancy of bone in children and adolescence (1, 2) . The current therapy regimen for high-grade OS includes induction by neoadjuvant chemotherapy followed by surgical resection (mostly limb-sparing or rarely amputation), adjuvant chemotherapy and radiotherapy (3) . However, significant advancements in the treatment of OS in recent years, and overall survival of OS patients has remained relatively constant for over two decades (4, 5) . New, effective and welltolerated therapy strategies are therefore required to further improve the prognosis of OS patients.
Sorafenib (SOR) (Nexavar; Bayer HealthCare Pharma ceuticalsOnyx Pharmaceuticals) a multikinase inhibitor that targets Raf kinases as well as VEGFR-2/-3, PDGFR-β, Flt3 and cKit, has been shown to exert potent tumor growth inhibition in vitro for various types of cancer (6, 7) . Findings of a recent study confirmed that SOR inhibited the proliferation of the Saos-2 OS cell line and caused a series of biomolecule effects, including the change of VEGFR2 and extracellular signalregulated kinase (ERK) gene expression, and the phosphorylation alteration of VEGFR2, RET, and MEK1 (8) . Of note, a phase II trial explored SOR activity in patients with relapsed and unresectable OS and found that SOR demonstrated activity as a second-or third-line treatment in terms of progression-free survival at 4 months with some unprecedented long-lasting responses (5) . However, the results of clinical studies have also indicated that treatment with SOR alone provides only minimal survival benefits for patients with advanced OS. In addition, SOR resulted in a variety of adverse reactions including diarrhea, hypertension and nausea (9, 10) . It also caused cutaneous toxic effects including mucositis (20%), rash (19-40%) , alopecia (27%), xerosis (16%), xerostomia (11%), and handfoot skin reaction (HFSR) (20-30%) (11) . One method for overcoming this toxicity is to use lower doses of SOR in combination with other complementary agents (12, 13) . Therefore, the development of more efficacious combination therapies involving SOR and other agents appears to be an attractive approach for providing improved clinical outcomes in the treatment of OS. In a recent study it was demonstrated that combination therapies of SOR and other chemotherapeutic agents may result in synergistic or additive inhibitory effects on the growth of OS cells (14) .
Cisplatin (CDDP) is an effective antitumor agent with a wide range of activity against various human solid tumors ovarian, bladder, cervical, head and neck, esophageal, small cell lung cancer (SCLC) and gastric cancer (15) (16) (17) (18) . CDDP was identified to have cytotoxic properties in the 1960s, and earned a place as the key ingredient in the systemic treatment of germ cell cancers by the end of the 1970s. Generally, CDDP can form bivalent adducts with nucleophilic sites on purines in DNa, and yield predominantly DNa intra-strand cross links between adjacent purines (19) . The use of CDDP treatment is considered a useful chemotherapeutic method for preoperative induction therapy for OS, with an improved survival rate (20) . In addition, the inclusion of CDDP demonstrated improved outcome for patients with high-grade OS (21) .
although anti-OS activity has been shown for SOR and CDDP, to the best of our knowledge, the effect on OS of these drugs in combination has yet to be reported. we hypothesized that these drugs may synergize to be more effective than either agents administered independently. Therefore, in the present study, we determined whether the co-administration of low-dose SOR with CDDP may potentiate the inhibition of OS cell growth in vitro and in vivo.
Materials and methods
Cell culture. Human Saos-2 OS cells were purchased from the Cell Bank of type Culture Collection of the Chinese Academy of Sciences, Shanghai Institute of Cell Biology, Chinese academy of Sciences (Shanghai, China). The cells were cultured in Dulbecco's modified Eagle's medium (DMEM; gibcoBRl, grand Island, NY, uSA) supplemented with 10% heatinactivated fetal bovine serum (FBS; gibcoBRl) at 37˚C in a 5% CO 2 atmosphere and at 95% humidity.
Cell viability and colony formation. an MTT assay was used to determine the effect of different concentrations of CDDP and SOR alone or in combination on cell proliferation. Briefly, Saos2 cells grown in monolayers were collected and dispensed in 96-well culture plates in 100 µl of DMEM at a concentration of 5x10 3 cells/well. after 24 h, different concentrations of SOR (0-20 µM), CDDP (0-10 µM), or both (0-10 µM SOX plus 5 µM CDDP) were added to the cells. at the indicated time-points, 20 µl of methylthiazole tetrazolium (Mtt; SigmaAldrich, St. louis, MO, uSA) solution (5 mg/ml) was added into each well and cultured for 4 h. Centrifugation (12,000 x g, 2 min) was performed to remove the supernatant, and 200 µl of DMSO was added to each well followed by agitation for 10 min to dissolve the crystals. absorbance was measured at 570 nm with a Microplate Reader (Molecular Devices Corp., Sunnyvale, Ca, uSa). This assay was performed in triplicate.
The effect of SOR or CDDP alone or in combination on the cell colony formation was assessed using a clonogenic assay. For this analysis, 1.0x10 3 cells were plated in 6-well plates in growth medium. Subsequent attaching overnight the cells were exposed to their respective half maximal inhibitory concentration (IC 50 ) values of SOR, CDDP, or their combinations or vehicle for 48 h. The cells were then washed with drug-free medium and allowed to grow for 14 days in drug-free conditions. Colonies containing >50 cells were counted. Relative colony formation was determined by the ratio of the average number of colonies in treated cells to the average number of colonies in cells treated with solvent (DMSO). All the experiments were performed in triplicate.
Cell cycle and apoptotic assay. The effect of SOR or CDDP alone or in combination on cell cycle and apoptosis was examined by flow cytometry. Briefly, 5.0x10 5 Saos-2 cells were plated in 60-mm dishes and treated with their respective IC 50 values of SOR, CDDP, or both for 48 h. after treatment, the cells were collected and washed twice with PBS, fixed with 70% ethanol at 20˚C for 30 min and then stored at 4˚C overnight. Subsequently, the cells were washed with PBS again, treated with 100 ml and 100 mg/l RNase at 37˚C for 30 min, and stained with 100 ml and 50 mg/l propidium iodide (PI; SigmaAldrich) at 4˚C for 30 min in the dark. the multiplication cycle and apoptotic rate were measured by using Flow Cytometry (BD Biosciences, Mansfield, MA, uSA), and the data were analyzed by CellQuest software (BD Biosciences San Jose, Ca, uSa).
In addition, caspase-3, -8 and -9 activity was detected as an additional indicator of apoptosis.
Caspase activity. Caspase-3, -8 and -9 activity was determined using Caspases Colorimetric Protease assay kits (Millipore Corporation, Billerica, MA, uSA) according to the manufacturer's instructions. Briefly, Saos2 cells were treated with their respective IC 50 values of SOR, CDDP, or both for 48 h. after treatment, the cells were washed twice with icecold PBS and harvested by centrifugation. The cell pellets were then lysed in 150 µl buffer provided in the kit. Protein concentrations of lysates were measured by the Lowry's method. an aliquot of lysates was incubated with 10 µl substrate of their respective caspase at 37˚C for 2 h. the samples were measured in a Microplate Reader (Molecular Devices Corp.) at 405 nm. The relative caspase-3, -8 and -9 activity of the control blank group was referred as 100.
Wound-healing assay. To assess the effect of SOR or CDDP alone or in combination on cell migration, a wound-healing assay was performed. Briefly, 1x10 5 Saos-2 cells were plated in 12well plates in DMEM containing 10% FBS. After 24 h, a scratch was made through the confluent cell monolayer, and the cells were treated with their respective IC 50 values of SOR, CDDP, or both in 3 ml of complete DMEM medium. after a 48h treatment, the cells were stained with hematoxylin and eosin (H&E). The area of migration was observed under an Inverted Phase-Contrast Microscope (Leica DMR, Heidelberg, germany). the experiments were performed in triplicate.
Transwell invasion assays. The invasion assays were performed using Transwell Insert Chambers (Corning, Inc., Corning, NY, uSA). Briefly, Saos2 cells were treated with their respective IC 50 values of SOR, CDDP, or both for 48 h. After treatment, 3x10 5 transfected cells were seeded into upper chambers precoated with Matrigel (BD Biosciences) in serum-free medium in triplicate. The medium containing 20% FBS in the lower chamber served as a chemoattractant. after culturing for 24 h, the media were removed from the upper chamber by wiping with a cotton swab and the cells migrating to the lower surface of the filter were fixed in 70% ethanol for 30 min and stained with 0.2% crystal violet for 10 min. The number of cells invading the Matrigel was counted in five randomly selected fields by an Inverted Microscope (Olympus, Tokyo, Japan).
In addition, MMP2 and9 expression was determined by western blot analysis as an additional indicator of apoptosis.
Western blot analysis. Saos-2 cells were treated with their respective IC 50 values of SOR, CDDP or their combination for 48 h. Saos-2 cells were trypsinized, lysed in RIPa lysis buffer (pH 7.4, 150 mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% NP40 in PBS, protease complete inhibitor; Roche Diagnostics, Mannheim, Germany), frozen and thawed three times, then centrifuged (13,000 x g, 20 min at 4˚C) to remove insoluble material. The harvested supernatant served as the total proteins for the subsequent experiments. total protein concentration was determined using the BCA Assay kit (SigmaAldrich). Cell extracts (20 µg of protein) were separated by 8-15% SDS-PaGE gel and transferred to nitrocellulose membranes (Sigma-aldrich). after blocking non-specific binding sites with 5% dry milk in PBSt, the membranes were incubated using the mouse monoclonal anti-human β-actin (1:5,000; SigmaAldrich), mouse monoclonal antihuman MMP-2 (1:2,000), mouse monoclonal anti-human MMP-9 (1:3,000), mouse monoclonal anti-human ERK (1:2,500) and mouse monoclonal anti-p-ERK (1:2,500) antibodies (all from Santa Cruz Biotechnology, Inc., Santa Cruz, CA, uSA). the membranes were incubated with horseradish peroxidaseconjugated goat antimouse Igg (1:5,000; Santa Cruz Biotechnology, Inc.) for 2 h at room temperature. Protein bands were visualized with enhanced chemiluminescence reagent (ECl; Amersham, GE Healthcare, Velizy-Villacoublay, France). The blots were stripped and reprobed with anti-β-actin to control for loading variations. Quantity One software (BioRad, Hercules, CA, uSA) was used for quantification of protein bands.
Tumor xenograft assay. To investigate the effects of SOR and CDDP alone or in combination on the tumorigenicity of xenograft and the influence on survival of tumorburdened animals, 40 female BAlB/c nude mice (aged 46 weeks) were obtained from the Experimental Animal Center of the Jilin university (Changchun, China). The research protocol was approved and mice were maintained in accordance with the Institutional guidelines of the Experimental Animals of Jilin university.
Approximately 6 to 7weekold female BAlB mice were maintained under specific pathogenfree (SPF) conditions and provided with food and water ad libitum. The animals were fed with a normal pellet diet 1 week prior to the experimentation. Exponentially growing Saos2 cells were harvested and a tumorigenic dose of 2.5x10 6 cells was injected intraperitoneally into BAlB/c mice. when the tumor volume reached 100 mm 3 , the mice were divided randomly into 4 groups (n=10 mice/group). The control group received 1% polysorbate resuspended in deionized water. The remaining 3 groups were treated with CDDP (10 mg/kg body weight), SOX (80 mg/kg body weight), or CDDP plus SOX (5 and 40 mg/kg body weight, respectively) intraperitoneally on alternative days for 3 weeks. The doses were selected based on previously conducted experiments (22, 23) . tumor volume was measured before the treatment injections were administered and on the 7th, 14th and 21st day of treatment. On day 22, the animals were euthanized using chloroform, tumor tissues were resected and the volume and weight measured.
In addition, spleen tissues were collected and cultured for a splenocyte surveillance study using an MTT assay as previously described (12) .
Statistical analysis. Data are expressed as the mean ± standard deviation (SD). Differences between groups were assessed by using one-way analysis of variance (aNOVa). Statistical analyses were undertaken using GraphPad Prism version 5.01 (GraphPad Software, San Diego, Ca, uSa) and the SPSS ® statistical package, version 19.0 (SPSS Inc., Chicago, IL, uSa) for windows ® . P<0.05 was considered as statistically significant. (Fig. 1a) . CDDP alone also reduced cell viability in a dose-dependent manner with an IC 50 of 6.5±0.42 µM in Saos2 cells (Fig. 1B) . the combinatorial treatment (010 µM in the presence of 5 µM CDDP) resulted in a leftward shift of the concentration-response curve such that the IC 50 values were reduced to 2.55±0.10 µM, indicating that treatment with SOR in combination with CDDP was more cytotoxic than the monotherapy groups. Based on the results we selected the respective IC 50 values of drugs for further treatments throughout the study.
Results

Effects of SOR and CDDP alone or in combination on
we examined whether the combination of relatively low concentrations of SOR and CDDP additively or synergistically inhibited Saos-2 cell proliferation with their respective IC 50 values of SOR, CDDP or both at the indicated times. It was found that SOR and CDDP alone or in combination significantly inhibited cell proliferation compared to the control group (Fig. 1D, P<0 .05). The combinatorial treatment group significantly inhibited cell proliferation compared to the monotherapy groups (P<0.05, Fig. 1D ). No significant difference was identified between the SOR and CDDP groups (P>0.05).
The effects of SOR and CDDP alone or in combination on the colony formation of Saos-2 cells were also analyzed. Compared with the control group, colony number of tumor cella was significantly reduced in SOR and CDDP alone or in the combinatorial groups (P<0.05, Fig. 1E and F) . SOR in combination with CDDP resulted in an even higher percentage of reduction than the higher doses of either drug alone (P<0.05, Fig. 1E and F) .
Effects of SOR and CDDP alone or in combination on cell cycle and apoptosis of Saos-2 cells.
The effects of SOR and CDDP alone or in combination on the cycles of Saos-2 cells were analyzed by flow cytometry. It was found that Saos2 cells treated with SOR and CDDP alone or in combination had an increased percentage of arrest at the G0/G1 phase compared with the control group ( Fig. 2A and B) . the combinatorial treatment resulted in an even greater percentage of arrest at the G0/G1 phase than the higher doses of either drug alone (P<0.01).
To investigate whether SOR and CDDP alone or in combination induced apoptosis, a cell apoptosis assay was performed by flow cytometry. Flow cytometry revealed that treatment with SOR and CDDP alone or in combination led to a marked increase in apoptotic cells compared to the control group (P<0.05) as shown Fig. 2C . In addition, treatment with the combination of SOR and CDDP resulted in a marked increase in apoptotic cells compared to the monotherapy group.
to examine the possible mechanism of the proapoptotic effect of combination with SOR and CDDP, caspase-3, -8 and -9 activity was detected using ELISa. The results showed that caspase-3, -8 and -9 activity was markedly increased in the SOR and CDDP alone or combination treatment groups compared to the control group (P<0.05; Fig. 2DF ). Compared to the single-drug treatment group, the combinatorial treatment significantly increased caspase3, 8 and 9 activity (P<0.05; Fig. 2D-F) .
Effects of SOR and CDDP alone or in combination on the migration and invasion apoptosis of Saos-2 cells.
To ascertain the inhibitory effect of SOR and CDDP as a single or combined treatment on breast cancer migration, a woundhealing assay was performed to investigate the effects on the migration potential of Saos-2 cells. after 24 h treatment, cells in the SOR and CDDP alone or combinatorial group migrated significantly less than those in the control group (P<0.05, Fig. 3A and B) . Cell migration in the combination group was lower than either single drug alone (P<0.05, Fig. 3A and B) .
The ability of SOR and CDDP alone or in combination to reduce the invasiveness of Saos-2 cells was further investigated by the Transwell system assay. It was found that invasion was also decreased significantly with SOR and CDDP alone or in the combination treatment groups compared to the control group ( Fig. 3C and D) . The result of the cell invasiveness assay showed that there was no significant difference in the number of cells that had passed through the simulated basement membrane between the SOR and CDDP groups. Compared with the results with either agent alone, the combination of SOR and CDDP greatly inhibited the invasion of Saos-2 cells.
To determine the potential mechanism of SOR in combination with CDDP inhibition cell migration and invasion in vitro, the invasion associated with MMP-2 and -9 protein expression was determined by western blot analysis. Results of the analysis revealed a significant decrease in MMP-2 and -9 proteins in the SOR and CDDP alone or combination group compared to the control group (P<0.05, Fig. 3E and F) . The combination group obviously decreased the MMP-2 and 9 protein expression compared to the monotherapy groups (P<0.05, Fig. 3E and F) .
Effects of SOR and CDDP on MEK/ERK signaling pathway in
Saos-2 cells. The effects of SOR are known to be transduced by the MEK/ERK signaling pathway (24) . Results of a recent study demonstrated that this pathway may be involved in the SOR effect on OS cells (25) . as the combination of SOR and CDDP showed the greatest inhibition of cell proliferation at low SOR and CDDP concentrations, insight was gained with regard to the mechanism. Therefore, we evaluated the effect of SOR and CDDP alone and in combination on the expression ERK and phosphorylation-ERK (p-ERK) by western blot ting 4 h after treatment with their respective IC 50 values of SOR and CDDP alone and in combination. Treatment with SOR alone reduced p-ERK in Saos-2 cells (Fig. 4) , while treatment with CDDP alone led to marked addition of pERK expression in Saos2 cells (Fig. 4) . Expression of pERK was lower in SOR in combination with CDDP compared with the control, although it did not reach the effect of SOR alone. In addition, total ERK expression did not alter in all the groups.
Antitumor activity of SOR and CDDP alone or in combination in nude mouse-bearing Saos-2 cells. we assessed the in vivo therapeutic efficacy of SOR and CDDP alone or in combination in female BAlB mousebearing Saos2 tumor cells. Tumors were monitored every 7 days from the time that they became evident. Tumor volume following treatment with SOR and CDDP alone or in combination was significantly reduced for tumor cells compared with the control group (P<0.05, Fig. 5A and B). treatment with the combination of SOR and CDDP resulted in marked inhibition of tumor growth compared to the monotherapy groups (P<0.05, Fig. 5A and B). twenty two days after implantation, the animals were sacrificed and tumor weights were measured. The results showed that the tumor weight of SOR and CDDP alone or in combination was reduced compared to that of the control group (P<0.05, Fig. 5a and C). The combination group greatly inhibited tumor growth compared to the monotherapy group (P<0.05, Fig. 5a and C). we assessed the efficacy of SOR and CDDP alone or in combination in modulating splenocyte cell proliferation using an MTT assay. It was found that SOR and CDDP alone or in combination significantly decreased cell proliferation compared to the control group (P<0.05, Fig. 5D ). The treatment group markedly decreased cell proliferation compared to the monotherapy groups (P<0.05, Fig. 5D ). These results indicated that SOR in combination with CDDP treatment markedly suppresses their tumorigenicity in nude mice.
Discussion
In the present study, we have provided convincing evidence that SOR in combination with CDDP enhanced the anti-prolife rative and pro-apoptotic effects on OS cells in vitro and suppressed tumor growth of OS in a nude mouse model allowing for the use of lower doses of SOR and CDDP than those currently used. although the two compounds have each been extensively studied, to the best of our knowledge, the present study is the first to show that combining a clinically applied therapy in SOR and CDDP may inhibit OS tumor growth in vitro and in vivo.
Chemotherapeutic drugs are most effective when administered in combination (combined chemotherapy) due to involvement of the combined chemotherapeutic drugs with different mechanisms of action, which contribute to decrease the possibility of drug resistance to cancer cella and reduction of the dose of the chemotherapeutic drugs being used. In addition, drugs are combined with different effects, and each drug can be used at its optimal dose, without intolerable side effects (26) . SOR is safe and effective in patients with unresectable hepatocellular carcinoma (HCC) and has received FDa approval for this indication. Recent studies have shown that SOR alone significantly inhibited the growth of OS cells, and its combinations with other drugs increased the inhibitory effect on OS cells (14) . CDDP is one of the most common firstline chemotherapeutic drugs for OS because of its DNA cross-linking activity (27) . However, not all OS patients are sensitive to CDDP treatment (28) . accumulating evidence has shown that CDDP in combination with other drugs, such as methotrexate and pemetrexed, significantly inhibited OS cells growth in vitro and in vivo (29, 30) . Of note, the synergistic anti-proliferative and pro-apoptotic effects of SOR in combination with CDDP were confirmed in human liver and gastric cancer cells (18, 31) . although SOR and CDDP alone or in combination have been found to inhibit other types of tumor growth, the effect on OS of SOR in combination CDDP has, to the best of our knowledge, yet to be reported. Results of the present study have demonstrated that SOR and CDDP inhibited the proliferation, migration and invasion of OS cells in vitro and suppressed the tumor growth of OS in a nude mouse model compared to SOR or CDDP, demonstrating synergistic effects. although the results are encouraging, the antitumor effects of this combination should be investigated in OS patients in future studies.
The MEK/ERK signaling pathway plays a critical role in cell cycle, apoptosis proliferation and differentiation, and is an important downstream pathway of angiogenesis. ERK and its upstream kinase MEK localize to the extraluminal face of autophagosomes and ERK phosphorylation is upregulated by lipidation of autophagic protein LC3 (32) . It has been shown that the treatment of various types of cancer, such as ovarian carcinoma (33) , melanoma (34) , and liver cancer cells (35) with CDDP caused ERK activation and cell death, and this latter effect was potentiated by ERK inhibitors, indicating that ERKs behave as survival-inducing kinases in these cells. Consistent with those results, our study has shown that CDDP caused ERK activation in Saos-2 cells. In addition, blockade of ERK activation, either by pharmacological inhibitors or gene transfer procedures, reduced the CDDP toxicity in various types of cancer, such as cervical carcinoma (36) , hepatoblastoma (37), OS and neuroblastoma (38) cell lines. SOR, an oral small-molecule multikinase inhibitor, developed by high-throughput screening of massive libraries of synthetic compounds primarily as a RaF (ras-activated factor) inhibitor blocking the RaF/MEK/ERK1/2 pathway, has been widely used to treat various cancer types. In the present study, we found that SOR in combination with CDDP treatment resulted in a marked decrease of phosphorylated ERK compared to the CDDP group, without altering the total protein levels of ERK each group, suggesting that SOR decreased CDDP toxicity in OS cells, at least in part by inhibiting the MEK/ERK pathway.
In summary, the findings of the present study suggest that, SOR in combination with CDDP was able to significantly inhibit cell proliferation, colony formation, migration and invasion, and induce cell apoptosis and arrest in the G0/ G1 stage in vitro, as well as suppress tumor growth in vivo, compared to SOR or CDDP alone, demonstrating a synergistic effect. In addition, this combination inhibited the MEK/ERK signaling pathway, which contributes to inhibition of tumor growth and reduction of CDDP toxicity to Saos2 cells. these findings suggest that the combination of SOR and CDDP is a promising drug candidate for the treatment of OS.
